from interference with myocardial venous and lymphatic drainage due to increased central venous pressures. Another cause of increased pericardial fluid is inflammation of the visceral pericardium.
The diagnosis of pericardial effusion on an echocardiogram is based on several criteria: (1) separation of the visceral and parietal pericardium with an "echo-free" space located between the two echogenic layers, (2) respiratory variation in Doppler velocities, and (3) swinging of the entire heart within the pericardial sac when the effusion is large. 1 When at least a moderate-sized pericardial effusion is present with suspicion of hemodynamic compromise, as in clinical tamponade, one should always assess hemodynamic factors. This should include assessment of late diastolic relaxation (diastolic collapse) of the right ventricle and respiratory variation such as an inspiratory decrease in mitral and aortic flow velocities and an increase in tricuspid flow. Doppler criteria include respiratory variation in valvular inflow and outflow (i.e., mitral, aortic) as well as variation in pulmonary and/or hepatic vein flow.
Patients with clinical tamponade may have at least small-to moderate-sized effusion if the fluid accumulated acutely, or they may have large pericardial effusions that may have formed over a long period of time. Echocardiography allows rapid detection and quantitation of pericardial fluid. In patients in which cardiac tamponade is suspected but an obvious effusion is not present, transesophageal echocardiography (TEE) may be helpful. This modality proves useful when transthoracic images are poor or effusions are loculated, especially postoperatively.
Criteria have been established for 2D echocardiography and Doppler in the diagnosis of cardiac tamponade. Two-dimensional indications include right ventricular diastolic collapse, reciprocal variation in ventricular chamber size through the respiratory cycle, and lack of inspiratory vena caval collapse. In cases where severe pulmonary hypertension is present, left atrial or left ventricular collapse may occur.
Two-dimensional echocardiography plays a valuable role in guiding pericardiocentesis due to its portability and ability to display the heart, the surrounding fluid, and the catheter simultaneously. 2 It is also useful when monitoring catheter position during continuous drainage and differentiates free fluid from loculated fluid by contrast injection. A patient undergoing pericardiocentesis may be placed in the left lateral position. If unable to maintain a left lateral position due to dyspnea, a supine position is acceptable. The pericardial tap is usually performed from the subxyphoid position but may be performed from an apical, subxyphoid, or parasternal approach. The echocardiographic transducer position depends on the site of the catheter insertion. An apical imaging window is preferred when the effusion is approached from the subcostal site, a subcostal imaging window when the effusion is approached from the apical site, and a modified parasternal/ apical (low parasternal) imaging window when a parasternal (anterior) approach is used. These are only guidelines; the sonographer must determine which window will allow the best visualization with the least interference on a case-by-case basis. The schematic in Figure 1 illustrates the different transducer positions and sites of catheter insertion. Once optimal needle insertion and echocardiographic windows are determined, the physician begins by numbing the injection site with subsequent needle and guides catheter insertion. Injection of agitated saline into the pericardial sac will verify needle location and decrease complications associated with improper placement of the needle. 3, 4 Figure 2 demonstrates a patient with a large pericardial effusion prior to pericardiocentesis. Figure 3 demonstrates an agitated saline injection, confirming proper needle position within the effusion. The arrow indicates the wire in the pericardial sac. Figure 4 provides imaging after pericardiocentesis. 
GUIDED ENDOMYOCARDIAL BIOPSY
Endomyocardial biopsy permits a sample of cardiac muscle to be obtained nonsurgically. The procedure is of primary utility in the diagnosis of acute cardiac transplant rejection but is also useful in the evaluation of unexplained arrhythmias, myocarditis, cadiomyopathies, and chest pain. 5 A protocol has been established in which endomyocardial tissue could be obtained from the right ventricular apex by way of a transvenous bioptome. Bioptome forceps allow for the sampling or cutting of cardiac tissue as biopsy specimens. The origination of such a process was solely for the evaluation of acute transplant rejection, but others have found the procedure useful in the detection of primary and secondary myocardial diseases.
The use of echocardiographic guidance during a biopsy is similar to that of a guided pericardiocentesis. Either right or left ventricular biopsy is best visualized from the apical approach, although a subcostal view is also acceptable. The schematic in Figure 5 demonstrates imaging windows and sample sites monitored during the procedure. The sampling of multiple sites is of extreme importance, particularly in cases of postcardiac transplantation. 6, 7 The use of echocardiographic guidance is also useful in avoiding sampling of the moderator band. Two-dimensional imaging with color flow Doppler monitoring may detect perforation of the right ventricular free wall or the tricuspid valve. Complications include fresh thrombus formation on the bioptome, which may become dislodged during the procedure, or the bioptome may dislodge any intracavitary masses (i.e., vegetations, mural thrombi, or neoplasms). 8
PERCUTANEOUS BALLOON VALVULOPLASTY
Valvuloplasty is a procedure used to expand a stenotic valve, commonly the aortic valve but most often the mitral valve. This is an alternative nonsurgical technique for the treatment of patients with either congenital or rheumatic valvular stenosis. The objective of this procedure is to increase the valve orifice by inflation of a balloon catheter that has been passed antegrade through the interatrial septum and positioned across the stenotic valve orifice ( Fig. 6 ). Inflation of the balloon catheter will effectively split the valve leaflets along their commisures without residual valvular damage. The results are somewhat similar to a surgical commissurotomy. Percutaneous balloon valvuloplasty (PBV) is an accepted alternative procedure for those who are not surgical candidates. Another advantage of this procedure is that it can be repeated as necessary. The role of echocardiography in PBV is (1) selection of patients appropriate for valvuloplasty, (2) detection of procedural complications, and (3) determination of short-and long-term results of the valvuloplasty. 9 The combination of 2D echocardiography and Doppler analysis can establish the diagnosis of rheumatic stenosis or a congenital abnormality. 10, 11 The severity of the various lesions can be assessed by determining the transvalvular gradient and the valve area. Complications such as valvular regurgitation, multiple valve disease, pulmonary hypertension, intracardiac mass or thrombi, and left/right ventricular function can also be evaluated at this time. The identification of morphological features such as leaflet mobility, calcification, and degree of apparatus/subvalvular involvement; the presence of thrombus; and the severity of mitral regurgitation (MR) has proven helpful in patient selection.
Views helpful in assessing mobility, calcification, and fibrosis are the parasternal long-and short-axis views as well as the apical views. One must be certain the apparatus of the mitral valve is clearly visualized to establish involvement, and this can be accomplished by angling medially and laterally while in the parasternal long axis.
A method for scoring the mitral valve to identify suitable candidates for valvuloplasty is listed in Table 2 . To determine the echocardiographic score, the grades from all four categories are added together. The minimum score is 4, and the maximum score is 16. Patients who score ≤ 8 are favorable candidates for percutaneous balloon valvuloplasty.
Accepted aortic valve criteria have yet to be established. The primary complication of an aortic valvuloplasty is the creation of an embolic event; therefore, aortic PBV has yet to achieve general acceptance as an alternative to surgical intervention.
Echocardiography is also useful during the percutaneous valvuloplasty procedure for guidance of the transeptal puncture, assessing acute complications such as ventricular perforation with resultant tamponade, and in the identification of acute valvular regurgitation or disruption.
Immediately following PBV, postprocedure recordings of transvalvular gradients and valve areas are important because these parameters will be used to follow the patients' progress. A pressure half-time of the mitral valve is thought to be inaccurate for several days after the procedure due to the rapidly changing atrial pressure caused by the valvuloplasty that occurs without a commensurate change in atrial compliance. However, the atrial compliance appears to adapt to the drop in pressure within a few days, and the accuracy of the pressure half-time method returns. If an immediate Doppler flow analysis is required, the continuity equation method, as used in the quantification of the aortic valve area, has proven accurate for the mitral valve as well. Once a postprocedure baseline has been established, serial studies should be performed to assess for any evidence of restenosis. More recently, 3D echocardiography has been shown to be useful also in imaging during valvuloplasty. 12
BALLOON SEPTAL SEPTOSTOMY
In 1966, William J. Rashkind introduced balloon atrial septostomy (BAS) as a lifesaving cardiac catheterization procedure for infants. Balloon atrial septostomy is performed to enlarge an opening in the cardiac septum between the right and left atria. The procedure is performed to relieve congestive heart failure in newborns with congenital heart abnormalities, such as transposition of the great arteries, single ventricle, and mitral or tricuspid atresia, by improving the oxygenation of the blood. BAS allows increased mixing between oxygenated blood from the lungs and systemic blood without the risk of surgery, sustaining life until the infant is two or three years of age and a shunt can be created.
Balloon atrial septostomy is usually performed under echocardiographic guidance, although in certain instances, fluoroscopy may be necessary. 13, 14 The subcostal approach is best because it permits adequate visualization of both right and left atria as well as the interatrial septum. Two-dimensional imaging will allow observation of the deflated balloon catheter as it is advanced from the right atrium, through the foramen ovale or existing atrial septal defect, and into the left atrium. Visualization prevents the balloon catheter from extending into the atrial appendage, into the pulmonary veins, or across the mitral valve.
While monitoring with transthoracic or transesophageal echocardiography, the balloon is inflated with dilute contrast to its maximum diameter or to the maximum diameter tolerated within the left atrium, usually 12 to 15 mm. 15 Once the balloon is inflated to the proper dimension, the catheter is withdrawn rapidly across the atrial septum. The balloon and the interatrial septum are then displaced toward the inferior vena cava, and the septum primum flap of the fossa ovalis ruptures as the balloon is carried in a single motion from the left atrium to the right atrial-inferior vena caval junction. The same procedure is typically repeated two to four times with increasing balloon volumes until little or no resistance is perceived at the atrial septum level. If the balloon catheter is withdrawn in a slow, gentle manner, a stretching of the septum primum flap occurs, which may result in the interatrial communication returning to its initial restrictive size soon after the procedure, with a fall in arterial oxygen saturation. Echocardiographic evaluation can assist in determining the success of balloon septostomy by demonstrating (1) the defect size, (2) the presence of a mobile tag of septal tissue that flails from side to side, (3) the neutral position of the interatrial septum between the two atrial chambers, and (4) evidence by pulsed Doppler of a bidirectional flow of low velocity, which indicates a lack of a pressure difference across the atrial septum. Two-dimensional echocardiography permits visualization of the septal tear to ascertain that a good result has been achieved. If a good result has not been obtained, further attempts can be made during the same procedure, which therefore negates the need for a later repeat study or the need to Brightness extending into the mid portion of the leaflets Grade 4
Extensive brightness throughout much of the leaflet tissue proceed to surgical septectomy. Echocardiographic imaging of the interatrial septum, augmented with Doppler or color techniques, can readily establish the anatomic and physiologic results of balloon septostomy. There are rarely any complications related to the balloon atrial septostomy procedure when the appropriate precautions are observed.
TRANSCATHETER ALCOHOL ABLATION OF SEPTAL HYPERTROPHY
Transcatheter alcohol ablation of septal hypertrophy (TASH) provides a nonsurgical alternative for patients with hypertrophic obstructive cardiomyopathy. The basis for this procedure is to cause an infarction with subsequent myocardial necrosis of the hypertrophied muscle, which might be causing the obstruction. 16 During cardiac catheterization, the artery that supplies the area of muscle causing the obstruction is localized (usually the first septal perforator). Echocardiographic contrast agents are administered intracoronary through the supplying artery to verify that the artery perfuses the area to be ablated. 17, 18 Alcohol is then inserted and temporarily held in the coronary artery, causing myocardial infarction in that area. The alcohol is subsequently removed after sufficient damage to the myocardium has been achieved. The procedure provides effective and immediate reduction or elimination of the intracavitary gradient. 19 
SEPTAL OCCLUDER DEVICE
Percutaneous closure of the interatrial septum has become another alternative to surgical closure. Transesophageal echocardiography (TEE) or intracardiac echocardiography provides a tool by which interventional cardiologists can verify the location and size of the atrial septal defect during the procedure. [20] [21] [22] After determination of the device sizing, TEE can also provide a method to monitor closure of the defect as well as any procedural events. After implantation, agitated saline can be administered to verify closure of the defect with the device. Figure 8 demonstrates a four-chamber view with the septal occluder device visualized in the position of the interatrial septum between the right and left atria.
Intraoperative Sonography During Interventional Procedures

INTRAOPERATIVE TECHNIQUES
Transthoracic, epicardial, and transesophageal imaging approaches are used in the operating room, and each offers distinct advantages and limitations. Transesophageal echocardiography does not intrude on the sterile field and can be used to monitor left ventricular function before and after a bypass. However, the windows and angles of interrogation are limited, and some structures may be masked in the presence of a valve prosthesis. Epicardial imaging allows the surgeon to achieve almost any scan plane and angle desired, but it is intrusive, and mechanical irritation of the heart can result in arrhythmia; the surgeon must be willing to perform the sonographic examination.
Any sonographic instrument that allows the implementation of multiplane transesophageal transducers and standard transthoracic transducers in the 3.5-to 10-MHz range can be used for intraoperative echocardiography. Standard imaging probes may be used, but several manufacturers offer intraoperative transducers that operate at higher frequencies, have smaller footprints, and have specially angled handles that facilitate their manipulation in tight spaces. The transducer is sheathed in a sterile sleeve with a sterile gel coupling the transducer to the sleeve. The literature suggests that with this method, the possibility of iatrogenic infection is minimal, and the resulting images are of a very high quality in most instances.
Transesophageal transducers are used as per routine examination procedures. The transesophageal transducer may also be used for epicardial imaging by placing it directly onto the heart. An advantage of this technique is that the probe footprint is small, the probes work at high frequencies, and the probe can be flexed and angled in limited access situations.
INTRAOPERATIVE EVALUATION OF THE LEFT VENTRICULAR OUTFLOW TRACT IN HYPERTROPHIC OBSTRUCTIVE CARDIOMYOPATHY
In the presence of a hypertrophic obstructive cardiomyopathy with a severe outflow tract obstruction, a transaortic myectomy may be used to relieve the pressure gradient. The basis of this surgical procedure is to resect a portion of the septum that bulges into the outflow tract, causing an outflow obstruction.
The transesophageal or epicardial echocardiogram is performed before and after bypass. 23 Before bypass, baseline anatomic and pathophysiologic parameters of the obstruction can be observed to compare with the postbypass study. It is common practice to apply maneuvers to provoke an increase in gradient as this will demonstrate if an outflow gradient has been resolved. If a significant gradient persists, the patient can be placed back on bypass, and further myectomy would be performed. If the gradient is a result of the systolic anterior motion of the mitral valve apparatus, appropriate action such as mitral valve replacement can be undertaken.
INTRAOPERATIVE EVALUATION OF VALVE REPAIR
Several new surgical approaches are currently being used for repair of the cardiac valves, and unlike valve replacement procedures, there is a need to design individualized strategies when considering repair of a valve rather than replacement. Transthoracic and transesophageal echocardiography offer the surgeon a means of inspecting the valve under physiologic conditions. These techniques can be used to assess mitral and aortic valves before and after bypass. 24 In the patient undergoing aortic valve replacement, intraoperative sonography is infrequently used, but under certain circumstances, incremental information can be obtained. These include situations in which the preoperative echocardiogram suggests that valve repair is a viable alternative to replacement, in cases in which an outflow tract obstruction is present to further delineate the nature of the obstruction, and in the patient with a prosthetic aortic valve in which a perivalvular leak is to be repaired. The implementation of intraoperative sonography in the setting of subvalvular aortic stenosis is used to define the location, morphology, and gradient associated with the lesion.
Transesophageal echocardiography is frequently used to assess the mitral valve apparatus preoperatively to assist in surgical planning. 25, 26 Information such as valve morphology (leaflet thickness and pliability), orifice dimensions, and severity of mitral regurgitation can be obtained. The efficacy of the intervention can then be assessed as the patient is taken off bypass. It is important to assess the valve for any residual dysfunction before the patient leaves the operating room. The presence of regurgitation can be determined and severity assessed. The sonographic approach offers significant improvement over traditional methods of the intraoperative assessment of residual regurgitation (i.e., digital palpitation, hemodynamic measurement, etc.) under physiologic conditions.
A possible complication of valve repair using an annular ring is a dynamic obstruction of the left ventricular outflow tract. In this instance, it can be difficult to wean patients off bypass because they become hypotensive and have a low cardiac output. Using epicardial echo, it is possible to localize the site of the obstruction and measure its gradient. An advantage of epicardial imaging over transesophageal echo in this setting is that a good beam to jet alignment is possible for measuring the peak velocity/pressure gradient. After corrective action has been taken, epicardial imaging is again applied to make sure the obstruction is relieved and the gradient resolved.
Discussion
It has been the objective of this article to provide an overview of how echocardiographic techniques may be used to improve both the performance and the outcome of interventional procedures. Whether or not these techniques will be used in an individual laboratory or operating room depends on several factors-that is, is a cardiologist available to interpret the results? Does the operator have experience with echocardiographic imaging? Is the surgeon willing to learn and use the intraoperative technique? With proper training and technique, the use of interventional echocardiography as described in this article will yield information of incremental value during a wide range of procedures.
